MicroRNAs (miRNAs) are a class of endogenous small RNAs that play important regulatory roles in both animals and plants. miRNA genes have been intensively studied in animals, but not in plants. In this study, we adopted a homology search approach to identify homologs of previously validated plant miRNAs in Arabidopsis thaliana and Oryza sativa. We identified 20 potential miRNA genes in Arabidopsis and 40 in O. sativa, providing a relatively complete enumeration of family members for these miRNAs in plants. In addition, a greater number of Arabidopsis miRNAs (MIR168, MIR159 and MIR172) were found to be conserved in rice. With the novel homologs, most of the miRNAs have closely related fellow miRNAs and the number of paralogs varies in the different miRNA families. Moreover, a probable functional segment highly conserved on the elongated stem of pre-miRNA fold-backs of MIR319 and MIR159 family was identified. These results support a model of variegated miRNA regulation in plants, in which miRNAs with different functional elements on their pre-miRNA fold-backs can differ in their function or regulation, and closely related miRNAs can be diverse in their specificity or competence to downregulate target genes. It appears that the sophisticated regulation of miRNAs can achieve complex biological effects through qualitative and quantitative modulation of gene expression profiles in plants.
MicroRNAs (miRNAs) are a class of endogenous small RNAs that exist in both animals and plants [1] [2] [3] [4] [5] [6] . PremiRNA hairpins are cut from primary transcripts in the nucleus and transported into the cytoplasm in which Dicer, an RNase III-like nuclease that also maturates siRNAs, processes the hairpin into a mature RNA species of approximately 21 nt [7] [8] [9] [10] [11] [12] . Escorted in micro-ribonucleoproteins, including Argonaute family proteins [13, 14] , miRNAs specify mRNA cleavage or translational repression through hybridizing with complementary sites in their targets [15] [16] [17] [18] [19] . Recent studies show that miRNAs play important regulatory roles in multicellular organisms [20, 21] . Apart from their role in developmental timing [22, 23] , miRNAs function in cell death, proliferation and fat metabolism in Drosophila [24, 25] , and control of the development of the nervous system [26] . In plants, a number of miRNAs regulate the development of leaves [27] and flowers [28, 29] . Their involvement in cancer [30, 31] and fragile X disease [14, 32] also attracts great interest. The computational prediction of miRNA targets in both plants [33] and animals [34] [35] [36] has revealed a complicated network for miRNA regulation and its participation in the control of many fundamental biological processes of multicellular organisms.
Given the importance indicated by previous studies of miRNAs, it is essential to conduct a census of miRNA genes. Numerous miRNAs have been identified using cloning or computational approaches [1] [2] [3] [4] [5] [6] 13, 14, [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] . Regarding the 5' phosphate and 3' hydroxyl end of Dicer products, a cloning scheme was designed and used to construct an amplified cDNA library of miRNAs [1, 47] . Although a great number of miRNAs were identified in this way, suitable candidates seemed to be confined to abundant miRNAs [41] . In order to conduct an exhaustive study of the miRNA genes of a species, various computational algorithms were designed and detected a large number of miRNAs that eluded cloning. Lim et al. [40, 41] developed a program named MiScan, which assigned a score to each hairpin candidate according to criteria concerning structural features and phylogenetic conservation refined from the known miRNA training set. Grad et al. [42] designed three algorithms through which hairpin candidates from Caenorhabditis elegans intergenic genome sequences were compared with three other genomes or known miRNAs for assessment. Similar approaches of comparative genomics and miRNA similarity searches were used by Ambros et al. [43] to search for miRNAs in C. elegans as a complement to cDNA cloning. To identify miRNA genes in Drosophila, Lai et al. [45] introduced a filter of nucleotide divergence patterns observed in known miRNAs in addition to the comparison of genomic sequences and conformance to the miRNA model structure. In general, computational procedures based on the phylogenetic conservation of miRNAs and the characteristic structures of pre-miRNAs successfully predicted numerous miRNAs, which were supported by experimental verification.
To date, over 800 miRNA genes have been deposited in the miRNA database at Rfam [48] ; however, plant miRNAs take up only a small portion of the miRNAs described. Notwithstanding the report of a batch of miRNAs cloned from plants [4] [5] [6] 37] , the search for miRNA genes in plants is far from over. The non-canonical structure of many plant pre-miRNAs and comparatively fewer genome resources in plant species may impede the development of similar computational procedures to search for miRNAs in plant genomes. However, it is not impossible. Many animal miRNAs can be grouped together in families [41] and a number of miRNAs predicted using homology search algorithms were supported by experimental verification [42, 43] . Several cloned plant miRNAs have very similar sequences to each other [4] and paralogs of a few miRNAs in Arabidopsis have been reported [6] . Thus, we assumed that a similar computational approach could be used to search for miRNA genes in plants.
In the present study we adopted a homology search procedure to further reveal miRNA gene families of known miRNA in Arabidopsis thaliana and Oryza sativa. Consequently, we identified many paralogs of the known miRNAs with one or more different nucleotides. Most of the diverged nucleotides were at the 3' or 5' end. Unexpectedly, a highly conserved, double-stranded segment was identified on the elongated stem of the pre-miRNA fold-backs of the MIR319 and MIR159 families. This segment may be a functional element for miRNA regulation at post-transcriptional level or another site for a mature miRNA. Our results, together with previous findings of plant miRNAs, suggest a model of sophisticated miRNA regulation in plants that accentuates the distinct competence of each miRNA paralog and the varied regulations or functions of the different miRNA families.
Materials and Methods

Procedure to identify miRNA homologs
The diversity in size and shape of plant miRNA precursors [4] and the lack of closely related plant genomes could hamper the computational identification of miRNA genes at the whole-genome level. In the present study, we adopted a homology search procedure to find new miRNA genes that were homologous to experimentally identified miRNAs.
Mature miRNA sequences of Arabidopsis thaliana from the Rfam miRNA registry [48] were used as a query sequence to BLAST search against Arabidopsis and the rice genome. We then took out sequences with 200 nucleotides flanking each side of the hit sites from the genome sequences. The extracted sequences of more than 400 nucleotides were submitted to mfold 3.1 [49] . Stable stem-loop structures with the matched sequence on one arm of the stem were selected as miRNA candidates. Simultaneously, genome annotation information on the candidates was gathered from Arabidopsis genome annotation data in GenBank (http://www.ncbi.nlm.nih.gov) and from the Rice Genome Automated Annotation System (RGAAS) [50] to examine whether these miRNA genes were located in a non-coding region. Site redundancy was removed in case one site could be matched by two closely related miRNAs. Clone overlaps were also removed to guarantee that the identified miRNA genes had unique sites on the chromosome according to marker-based physical maps of each rice chromosome downloaded from International Rice Genome Sequencing Project (IRGSP) and data on Arabidopsis from GenBank at National Center for Biotechnology Information (NCBI). Particular nucleotide divergence patterns of pre-miRNAs were displayed and used to search for miRNA genes in Drosophila [45] . As further validation, all sequences from the identified foldbacks were aligned with their family members to deter-mine whether they were evolutionally related. The resources used are detailed in the supplementary material.
Results
Novel potential miRNA genes identified
In total, 20 novel potential miRNA genes were identified in Arabidopsis thaliana and 40 in Oryza sativa ( Table 1) . According to the existing nomenclature, we assigned a name to each identified miRNA gene after the miRNA was used as a query for BLAST. Each family member was distinguished by a letter at its end. Of the predicted foldback structures, all the matched sequences were located on the same 5' or 3' side as their known relatives, which were used as the query sequences for BLAST (Fig. 1) . According to the genome annotation database, all the loci predicted to encode miRNA genes were located in noncoding regions except for two loci of osa-MIR160e, which were predicted to be located on the initial exon of an unknown protein (data not shown). Most of the novel family members had different nucleotides at their 5' or 3' ends from their known mature miRNA counterparts. A number contained diverged nucleotides in their internal regions. In general, the number of different nucleotides in the predicted miRNA genes was no more than three, provided that they had the same length as their query sequences ( Table 1) . Hit sites containing more than three different nucleotides in both genomes did not match the criteria of miRNA gene annotation or displayed almost no sequence similarity with other pre-miRNAs (data not shown). As the novel family members, all the miRNA in Arabidopsis were found to have similar genes in the genome except for MIR173 and MIR161 ( Table 2 ). In the Arabidopsis genome, ath-MIR169 was not alone and 15 new paralogs were annotated. Six of these paralogs were located within 7 kb on chromosome 3. In the rice genome, with seven newly found paralogs osa-MIR169 was not solitary either. It appears that MIR169 formed a large family in both genomes (Tables 1 and 2 ). Previously seven miRNAs in Arabidopsis were predicted to be conserved in rice [4] . In addition, we found orthologs of ath-MIR168 in rice. Matches with one different nucleotide from ath-MIR159a and ath-MIR172a in rice have been reported previously [6] ; however, it remains unclear as to whether those cognate sequences are miRNAs. We found that MIR172a had two perfect matches in the rice genome that were identified as miRNA genes using our procedure. Moreover, three imperfect matches of MIR172a and five imperfect matches of MIR159a were predicted to be miRNA genes, which further reaffirms that these two families were conserved in Arabidopsis and rice. The fold-back size of these predicted miRNAs ranged from 89 to 289 nt ( Table 1 ) and the predicted fold-back structure took on diverse shapes (Fig. 1) .
Homology analysis
In a recent study, characteristic nucleotide divergence patterns of pre-miRNAs in Drosophila melanogaster and Drosophila pseudoobscura were displayed and put into use to predict miRNA genes in both genomes [45] . Thus, we assumed that plant pre-miRNAs might also take on nucleotide conservation patterns resembling the case in the two flies, with the most stringent in the arm containing mature miRNA and the most labile in the loop region [45] . This may provide additional phylogenetic evidence to validate our miRNA candidates. For each family, premiRNAs were aligned using Clustal W [51] , including known miRNAs and novel candidates. Most of our candidates showed sequence similarity to known premiRNAs and shared conserved sequences with their paralogs (Fig. 2) . Candidates with a hairpin structure but lacking a continuous conserved region were not considered Fig. 1 Schematic representation of the homology search procedure used to identify homologs of known plant miRNA genes by BLAST using known approximately 21 nt miRNAs as the query sequence. Unmatched nucleotides at each end are not presented, but are indicated in lowercase when they are present in an internal region. c the extent of the match is indicated in the format of "number of matched nucleotides/query sequence length". d the numbers in this column indicate on which chromosome the matched sequences were found. e precise location of the matched sequences are presented with the BAC clone name and the location within BAC in parentheses. One miRNA gene may have multiple locations listed here because of clone overlap or identical sequences of pre-miRNAs. As for athMIR319c, the accession number (AC007660) is presented here because its sequence is from clone T2P4, T7D17, T20B5. f fold-back sizes are indicated by the numbers of nucleotides, which stand for the size of the stable stem-loop structure. The real pre-miRNA size is unknown. g for six loci from the osa-MIR160 family, the fold-backs derived from distinct genomic loci of osa-MIR160e are identical. The two loci of osa-MIR160f are also identical. We regard them as multiple copies of two miRNA genes. osa-MIR319b was found by Palatnik et al. [27] and exemplified as an ortholog of miR-JAW in rice. Here we present its precise location in the rice genome and assign a name to it along with its paralogs. to be miRNA genes (data not shown). When all the precursors in each family of MIR156, 160, 162, 164, 166, 167, 168, 169, 170 or 172 were aligned, the two arms of the fold-backs were better conserved with the mature miRNA sequence at the peak of conservation as indicated in the chart below the sequence alignments [ Fig. 2  (A-K) ]. For the MIR158 family, this valley-in-middle with two flanking peaks pattern was not equally clear, probably because only two members were available for alignment [ Fig. 2(B) ].
Pre-miRNAs from the MIR159 and MIR319 families harbor a probable functional element distinct from mature miRNA
Predicted fold-back structures of pre-miRNAs from the MIR159 and MIR319 families looked more regular than other families, although their sizes were all greater than 150 nucleotides. Aside from the stems in which mature miRNAs reside, the relatively large ffold-backs adopted uniform elongated stems rather than the branches or large loops observed in ath-MIR169 etc. [ Fig. 1(C,M) ]. When the pre-miRNA fold-backs of each family were aligned the conserved nucleotide pattern was not reminiscent of the case observed in the families described above. Intriguingly there were two additional conservation peaks in addition to the regions corresponding to the mature miRNA sequence and its complementary sequence [ Fig. 3(A,B) ]. The consensus nucleotides clustered in four regions corresponding to the four conservation peaks observed in the alignments. This is consistent with the observation that the sequences between miR-JAW and miR-JAW* are also conserved when precursor sequences of MIR319 from different species were aligned [27] . We examined the precise location of the four clusters of consensus nucleotides on the predicted fold-back structure. Two of these clusters at each end represented the mature miRNA and its complementary sequence in the fold-back structure. The other two clusters fell on the elongated stem with most of the consensus nucleotides in basepairs [ Fig. 2(C,D) ]. In the fold-backs of the MIR159 family the number of basepaired consensus nucleotides on the elongated stem was less than that in the MIR319 family, but these nucleotides Table 2 Numbers of miRNAs and their targets vary in different plant miRNA families a number of miRNAs and their corresponding genes are presented in the format "number of miRNAs/number of genes". The total number of miRNA genes in each family, including known and newly identified miRNA genes, is displayed. The number of miRNAs in one family was determined by the number of distinct sequences in the mature sequence region when the pre-miRNAs were aligned based on the assumption that the newly identified variants have the same length as their known paralogs [ Fig. 2, Fig. 3(A,B) ]. may also contribute to the maintenance of the elongated stem. It appears that nucleotides in these two highly conserved regions form a motif in a combination of stems and bulges.
Discussion
Using the homology search approach we found, in total, 60 potential novel miRNA genes distributed at distinct loci in the rice and Arabidopsis genomes. Outcomes from our procedure were highly homologous to previously cloned or experimentally verified miRNAs with no less than 18 identical nucleotides. Each of these nucleotides was predicted to reside in one arm of a fold-back structure. Moreover, the similarity of the pre-miRNA sequences to their experimentally validated homologs was demonstrated along with an evident nucleotide conservation pattern consistent with the results obtained in fruit flies [45] . In addition, all of the matched loci, which encode potential miRNAs, were predicted to be located in non-coding regions with two exceptions. On the basis of these observations and the annotation criteria for homologs of previously validated miRNAs [52] , we proposed that these loci could be annotated as miRNA genes. However, we need to consider that because of the absence of direct evidence for their expression, we can not exclude the possibility that the identified loci are pseudo-miRNA genes. The locations of the matched sequences in the fold-back structures resemble those of their known counterparts. Moreover, coincidently the most conserved region of the identified pre-miRNAs was the matched sequence. Thus, the matched sequences could represent the mature sequences of these miRNA genes. However, the precise ends of the miRNAs have not yet been determined. Because mature miRNAs from the newly identified miRNA genes were not detected using cloning procedures in previous studies [4] [5] [6] 37] , they might represent less abundant miRNAs in these families. It is also possible that the presence of different family members may be restricted to specific cell lines or may be temporally transient during development.
With the identification of these novel homologs, almost all known plant miRNAs were found to be in miRNA gene families ( Table 2) . These miRNA gene families may give rise to mature miRNAs with one or more different nucleotides, and identical ~21 nt miRNAs can be derived from different pre-miRNAs. Paralogs in one miRNA family may have distinct competence over their targets at two aspects. First, the specificity and efficacy of target gene regulation might be different for these miRNAs because of different numbers of mismatches when hybridized to target mRNAs. Closely related miRNAs may not share the same series of target genes, as exemplified by the MIR319 and MIR159 families. MIR319 has four nucleotides that are different from MIR159. MIR319 were found to induce cleavage of the TCP genes in control of leaf morphogenesis without affecting mRNA targets of miR159 in Arabidopsis [27] . As the degree of complementarity between miRNAs and their targets is believed to determine the mechanism adopted to downregulate their target genes [53] , the question arises as to whether distinct miRNA variants with more than one different nucleotide could enter respective pathways of translational repression or mRNA cleavage. Nevertheless, it is still unclear as to whether MIR159 can affect TCP genes or whether each of them affects the targets of the other interchangeably through translational repression other than inducing cleavage of target mRNAs because MIR172 controls flowering in plants through translational repression [28, 29] , despite a proven preference of the RNAi-like mechanism in plants resulting from a near perfect complementarity between plant miRNAs and their targets [17] [18] [19] 33] . Although distinct miRNAs in one family could utilize the same mechanism, efficacy might be different for a given target because mismatches between miRNAs and their targets could reduce the silencing efficacy of siRNAs [54] . We can determine the implications of miRNAs from siRNAs because miRNAs and endogenous siRNAs have a shared central biogenesis and perform interchangeable biochemical functions [55] . Second, because most of the different nucleotides of the miRNA paralogs are located at their ends, for pre-miRNAs their mature miRNAs could not be incorporated into the RNA induced silencing complex (RISC) at the same rate. A recent study has shown that single mismatches in the first four nucleotides of an siRNA strand, an initial G:U wobble pair but not internal G:U wobble pairs, directed the asymmetric incorporation of an siRNA strand into RISC [56] . Thus, closely related miRNAs may not be incorporated into RISC to exert target gene silencing with equal efficiency owing to a discrepancy in the nucleotides at the ends. We propose that distinct miRNA paralogs can contribute to the quantitative control of target genes if they target the same genes. Various combinations of these miRNA paralogs can achieve sophisticated modulation of target gene expression in quantity. In addition, multiple miRNA family members with an identical mature sequence could contribute to genetic redundancy, and reports have shown that flowering time or floral morphology defects were not observed in inser-tional mutations within either the MIR172a-1 or MIR172a-2 precursor genes and overexpression of either one resulted in early flowering and the ap2 phenotype [29] . In general, the novel homologs identified in the present study indicate that plant miRNA families regulate their target genes sophisticatedly through distinct miRNA members and redundantly through identical miRNAs derived from multiple copies of the miRNA genes.
Using a multiple alignment tool, precursors of each miRNA family were aligned together, including newly identified and previously validated miRNAs in both Arabidopsis and rice. Nucleotide conservation patterns were obvious for most of the miRNA families. Two elements of the fold-back could be maintained through selection pressure. One is the mature sequence of a premiRNA gene preserved for both maintenance of the double strands and miRNA-target interaction. The second is the antisense sequence on the opposite arm that is kept constant only for maintenance of the typical conformation of Dicer substrate. Both elements coincided with the highly conserved regions. This result is consistent with the nucleotide divergence pattern of pre-miRNAs observed in Drosophila [45] . However, for pre-miRNAs from the MIR319 and MIR159 families, two additional highly conserved regions were observed between mature miRNA and its antisense sequence [ Fig. 3(A,B) ]. It appears that the double-stranded structure of the elongated stem was maintained because most of the consensus nucleotides within the two regions were in pairs. This indicated that the conserved double-stranded region might be a functional segment on the pre-miRNA fold-backs of the two families. Because this conserved segment takes the typical structure of Dicer substrate, it is possible that it is another mature miRNA on the stem of the precursor fold-back. Compared with the mature miRNA sequence this site was less conserved because fewer consensus nucleotides were observed in a 20-nt length region. Thus, it is more likely that this region might offer a binding site for interactions with protein factors rather than a sequence recognition element for hybridizing with other nucleic acids. These probable highly conserved functional motifs might be required for an unknown mechanism of regulation, which may implicate subcellular localization, processing, intercellular transportation, and timing of miRNA maturation after transcription. Similar elements with a high degree of conservation were not observed in pre-miRNAs in other families, suggesting that miRNAs in different families could be regulated or function differentially. However, further investigations are needed to determine whether or not other large pre-miRNA fold-backs in plants harbor elements for regulation. Many plant pre-miRNAs are greater than 130 nt, whereas the majority of animal pre-miRNAs are no larger than 110 nt. Moreover, it has been shown that transcriptional control, through the temporal regulatory element (TRE), is necessary and sufficient for the temporal expression pattern of Let-7 in C. elegans [57] .
Thus, the hypothetical mechanism involving the highly conserved elements on large precursor fold-backs in some plant miRNAs appears to be absent in animals. Whether or not different sizes of plant and animal pre-miRNAs are adaptable to the respective systems of miRNA regulation is yet to be determined.
In plant miRNA families, diversity was observed in many aspects. First, the numbers of miRNA genes and their mature products varied in these families. To date, only one or two copies of miRNA genes have been recorded for several miRNAs such as ath-MIR161, ath-MIR173 and osa-MIR168, whereas for other families, such as ath-MIR156/157 and ath-MIR169, over ten miRNA genes have been recorded (Table 2) . Second, the sizes of the premiRNAs range from approximately 80 nt to over 300 nt, concomitant with various shapes [4] , and this could offer opportunities for accommodating other functional elements on some of the larger fold-backs, for example, the MIR319 and MIR159 family pre-miRNAs. Third, the numbers of predicted targets were not proportional to the numbers of miRNAs for different families ( Table 2) . For example, in ath-MIR161 and ath-MIR169 only one gene was found for ath-MIR161, which was in charge of the expression of nine PPR repeat proteins, whereas 16 ath-MIR169 genes shared an mRNA target of two (CBF)-HAP2 proteins according to predictions of miRNA targets currently available [33] . This suggests that the miRNA targets interaction network is uneven in these miRNA families. Alternatively, there may be more targets of known plant miRNAs than currently predicted. Whether or not mRNAs containing loosely complementary target sites can also be regulated by miRNAs is unknown because only verification of target genes containing no more than four mismatches in miRNA recognition sites have been reported [17] [18] [19] 27, 58] . Coexistence of mRNA cleavage and translational repression mediated by miRNAs to downregulate target genes in plants has been proposed [59] , implying t h a t m R N A s c o n t a i n i n g s i t e s w i t h a p a r t i a l complementarity to miRNAs could be suppressed at translational level, similar to the case in animals. It is likely that target genes for these known plant miRNAs cover a wider scope than previously predicted. This is consistent with the "many targets" hypothesis [55] . On the basis of the relatively complete enumeration of family members for known miRNAs in plants and the identification of a probable functional element on the putative "irregular" part of a number of plant pre-miRNAs, we suggest that miRNA regulation in plants may have the following characteristics: (1) the majority of plant miRNAs form families that comprise multiple miRNA paralogs; (2) distinct miRNAs in close relationship have a different specificity or competence to their target genes; (3) a group of target genes could be regulated both qualitatively and quantitatively by combinations of their miRNA regulators; and (4) different miRNAs can be regulated or function distinctively after transcription depending on whether or not functional elements are present on their pre-miRNA. This appears to be particular to plants that possess a diverse secondary structure of plant pre-miRNAs, in contrast to the relatively uniform pre-miRNA hairpins observed in animals. Thus, in addition to the common role of miRNAs in target gene silencing our results indicate variegated miRNA regulations in plants.
A recent study has shown that apical-basal axis formation requires auxin gradient in Arabidopsis and a model for the role of auxin in embryo patterning was suggested [60] . As many auxin response factors are targets of MIR160 and MIR167 [18, 33] , we speculate that miRNAs in these two families might participate in body-axis formation in plants. During body-axis formation, hormone signaling might be modulated by the miRNAs of the two families. Both MIR160 and MIR167 along with their targets were found in rice, indicating conserved regulation of the auxin response by miRNAs [4, 33] . In Arabidopsis and rice, the MIR160 and MIR167 families each have multiple members. As the establishment of a gradient requires control in quantity, it appears possible that slight differences in gene expression in proximal regions might be achieved by a combination of distinct miRNAs in one family rather than by a single miRNA. In a recent study of miRNA targets in Drosophila, a group of miRNAs were predicted to regulate genes involved in body-axis determination [34] . A complicated miRNA regulation network featuring multiplicity and cooperativity was proposed [34] . We expect that the regulation network in plants is equally complicated. The variegated regulation of plant miRNAs could possibly be a common feature of miRNAs in plants. Recent studies have described the identification of novel plant miRNA genes through comparative genomics or direct cDNA cloning and the predictions of their target genes [61] [62] [63] [64] . As more information about miRNA genes in plants is unveiled we will better understand why plant miRNAs are cataloged into such families.
Accession Numbers
All sequences of miRNA genes were submitted to GenBank under accession numbers AY551188 to AY551259. Recently Jones-Rhoades and Bartel [61] reported many miRNAs that were identical to those we found. After discussion with Dr. Griffiths-Jones who manages the miRNA registry [48] we agreed to rename these miRNA genes in accordance with the miRNA registry and to change the name of some of the miRNA genes we found (see Table 1 ).
